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of sediment between the major sediment-source, transport and depositional zones of the fluvial system [9] . Examples of studies at the zonal scale include studies relating to upland catchments and lowland rivers (e.g., 10, 11) , and some involving considerations of sediment provenance (e.g., 12, 13) .
Linking models are expected to produce better information about the natural system and enhance the accuracy and flexibility in describing the real world, as it uses the best qualities of each model [14] [15] [16] . Linking models can also help determine the spatial sources of sediment in upland watershed, and appropriate management can be implemented to address problems in the downstream channel [15] . The advantages of the loosely coupled model have been widely verified and utilized to address various objectives involving a complex network of river systems [15] [16] [17] [18] [19] . When appropriate models are chosen for each task, the method of properly and externally linking models for various components of the natural network system may represent the integrated nature of entire watershed systems and provide good management decisions [20, 21] .
The Yellow River (YR) in China is well known for excessive sediment load and insufficient stream flow, and also for the corresponding continuous aggradations in the lower reach [22, 23] . There are two groups of tributaries where eroded sediment are from relatively coarse tributaries entering the stem channel of Sanhuhekou-Toudaoguai (Inner Mongolia River reach, IMR) and the Toudaoguai-Longmen (TL river reach). Sediment-water retaining (SWR) by both engineering and non-engineering takes important events in the YR system. More efforts have focused on the coarse sediment source areas recently [24] [25] [26] . Previous research indicates that effects of SWR are not only local but widespread, as changed water-sediment conditions may transmit the effects of environmental change through the system. Various methods have been adopted to investigate the coupling behavior of zonalscale source-sink relationship, formula fitting (e.g., 27, 28) , numerical simulation (e.g., 17, 29) , and field survey (e.g., 30, 31) . However, the relationship between SWR in these two coarser sediment source areas (tributaries entering IMR and TL river reaches) and deposition in the lower channel has rarely been compared.
The objective of this study is to analyze the coupling connectivity between coarse sediment source areas and the channel network. Various experimental equations have been established to examine the local-scale coupling [22, 32, 33] . Therefore, experimental formulas are linked to examine zonal-scale connectivity. Firstly, experimentally fitted models are chosen for the IMR, the middle Yellow River (MYR), and the Lower Yellow River (LYR), respectively. Then the influence of WSR in different regions on the deposition are analyzed by the loosely coupled models. As some inner simplifications taken during the analysis procedure, the influences of these uncertainties are then analyzed.
Study Area and Data

Study Area condition
The two coarse sediment source areas in the YR basin ( Fig. 1) , tributaries entering the IMR, and tributaries entering the TL river reach are introduced separately. Another characteristic of these two groups of tributaries is that sediments from these two regions are contributed to by frequently occurring hyper-concentrated floods [25] .
The first group is the ten small tributaries entering the stem channel of IMR [34] . In these ten tributaries, hyper-concentrated floods occurr frequently (i.e., 87.1% for Xiliugou River), which are characterized with large peak values of discharge and concentration (i.e., 6940 m 3 /s and 1380 kg/m 3 , respectively, for the Xiliugou River) with a sharp rise and fall [26, 35] . The annual SSL of these ten tributaries is approximately 0.256 × 10 8 t (1953-2010) , and approximately 25% of the total SSL at the IMR reach are provided by these ten tributaries, even though the total drainage area of these ten tributaries is approximately 1.1 × 10 4 km 2 [36] . More importantly, the mean diameters of these ten tributaries are relatively coarse, and the ratio of particles coarser than 0.05mm is approximately 60% [26] .
The second group is tributaries entering the TL river reach who are the main component of the sediment source area (SSA) in the YR basin. The average sediment delivery modulus in the SSA is approximately 980.5 t/(km 2 ·a) (2000-2010). The drainage area of SSA is approximately 9 × 10 4 km 2 , and 63.3% of the total sediment entering the lower channel (denoted by the sum of sediment amount measured at Longmen, Huaxian, Hejin, and Zhuangtou hydrological stations) are eroded from this area, and the ratio for coarse sediment is 87% [37] . The four largest tributaries in SSA are the Huangfu, Kuye, Wuding, and Yan rivers.
There are another two tributaries with high sediment modulus: the upper drainage area of the Beiluo and Jing rivers. These two tributaries enter the YR at Tongguan station and the Wei River at Xianyang station, while the Wei River joins the YR at Tongguan station. Thus, these two tributaries (the Beiluo and Jing) can be viewed as entering the YR at Tongguan station (as shown in Fig. 1b) , which may contribute to deposition in the Longmen-Tongguan (LT) reach with limited magnitude. Thus, the whole MYR can be divided into TL and LT river reaches, and sediments are eroded from the drainage area of TL river reach and transported through the LT river reach, where deposition occurred.
Data Collection
According to data measured and published by the Yellow River Conservancy Commission (YRCC), the water runoff and SSL measured at controlling stations are collected. Controlling stations are Sanhuhekou, Toudaoguai, Longmen, Hejin (controlling station of the coupling Analysis of connectivit... Fen River), Sanmenxia, Heishiguan (controlling station of the Yiluo River), and Xiaodong (controlling station of the Qin River), as summarized in Table 1 . The values of water runoff and SSL in flood season are data measured at 2008. Tributaries entering the MYR can be estimated by summing up data from the Huangfu, Kuye, Wuding, and Yan rivers, which are the four largest tributaries in the SSA [38] . Water runoff and SSL of tributaries entering the IMR are data drawn from Wu [39] .
Methodology
Deposition Estimation in Each River Reach
For each river reach, sediment deposition can be estimated by formula (1) in which ΔW S represents deposition in the river reach; W and W S represent water runoff and SSL entering the river reach, respectively; and f() is the connectivity between deposition and incoming water/sediment. In order to make it more understandable, subscripts 1, 2, and 3 are adopted to represent the reach of IMR, MYR, and LYR, respectively. The relationship of water runoff and SSL between adjacent river reaches can be estimated by water-sediment balance.
For the first river reach (i.e., IMR), the water-sediment balance can be expressed as: from tributaries entering the river reach, respectively, as subscript t indicates tributary. For the following two river reaches (i.e., MYR and LYR), the water-sediment balance can be expressed as:
in which ΔW S(i-1) indicates deposition in the (i-1)th river reach.
The empirically fitted formulas for estimating depositions ΔW S(i) (i = 1-3) in different reaches of the YR are summarized in Table 2 [40] [41] [42] [43] [44] . The sediment load and water runoff down the Longyangxia Reservoir has been changed dramatically after its operation in 1986 [25] . Data measured after 1986 are adopted to fit formulas in IMR, and the values of R 2 are 0.820 and 0.892, respectively [40] . The slope of the TL river reach is approximately 0.84, and sediment deposition in this river reach can be ignored as its canyon character [45, 46] . Thus, deposition in the MYR is approximately the same as deposition in the LT river reach. Besides, no empirical formulas have been fitted to estimate the annual deposition in LT river reach, and deposition in MYR during the non-flooding season can be ignored.
For these three reaches, the amount of water runoff and SSL in flood season (July to October) is simplified as annual values with a certain proportion. Water runoff and SSL in flood season can be estimated as: (6) (7) …where α and β are coefficients. The values of α-and β-coefficients are simplified as data measured at the controlling station of each river reach in 2008. The water runoff and SSL measured at Sanhuhekou Hydrological Station take as a major part of the total runoff and SSL entering the IMR, the same as Longmen station for MYR and Sanmenxia station for LYR.
The coefficient values are listed in Table 1 .
Estimating Reduced Deposition (RD)
and Scenario Design
Empirically fitted formulas have been established to estimate the corresponding deposition in each river reach (IMR, MYR, and LYR) [41] [42] [43] [44] [45] . Linking already-existing experiential formulas externally can be adopted to estimate the coupling effects of SWR in different regions on the channel system. SWR measurements are designed to be implemented in four different zones: drainage area of tributaries entering IMR (Zone 1), the stem channel of IMR (Zone 2), drainage area of tributaries entering MYR (Zone 3), and the stem channel of LYR (Zone 4). The two coarse sediment source areas have been included as Zones 1 and 3. SWR in Zones 1 and 3 may be caused by soil-retaining dam or plants. SWR in Zones 2 and 4 may be caused by reservoir, water division, or other effects that may reduce the inflow runoff and SSL.
The coupling connectivity can be evaluated with amounts of RD, with a positive value indicating that deposition in the river reach may be reduced by SWR measurements, and a negative value indicating that deposition in the river reach may be larger than that of before the SWR measurements. In order to make it more comparable with existing results by former researchers, the RD is transformed to reduced deposition caused by per unit ton of sediment or cubic meter of water runoff (RDP).
The amounts of decreased inflow water runoff (IWR) and inflow suspended sediment load (ISSL) in these four zones are supposed to be of the same magnitudes. SWR in Zone 1 is taken as a benchmark. For the ten [44] . W (3) ', W (3) , W S(3) ', and W S (3) can be estimated by summing up data measured at Sanmenxia Reservoir, Heishiguan, and Xiaodong [42] . Table 2 . Formulas for estimating deposition in each river reach. coupling Analysis of connectivit... small tributaries in IMR, the concentration of flood events is relatively high [35] , and the management of water and sediment in these tributaries may lead to much more retained SSL compared to that of water runoff. The hypothesis of sediment management herein is that the amounts of IWR and ISSL are 183 × 10 4 m 3 and 118 × 10 4 t, respectively, with an average concentration of 640 kg/m 3 . The amounts of IWR and ISSL may count for 1% and 27% of that of the total amounts in these ten tributaries, respectively. However, the assumption adopted in Zones 2 and 4 may be different from the actual situation. The annual data provided by YRCC are adopted as baselines (Table 3) .
The estimated RD does not mean the 'real' deposition reduction in each river reach. There are two kinds of uncertainties: inner and external. The inner uncertainties are some simplifications made during the analysis procedure. The external uncertainties are other river management measures in different reaches, which are not considered in the comparison.
Simplifications include unified contribution ratio of flood season, unified decreased amounts of IWR and ISSL, and ignoring the effects of drainage area between Toudaoguai-Longmen (TL) and Tongguan-Sanmenxia. Besides, there are various empirical equations for the relationship between source area and deposition area for the YR basin, and different adopted equations may lead to different quantitative descriptions.
The external uncertainties (i.e., unexpected water and sediment division along river reach) may change the flow and sediment conditions in the river reach, and these factors are not considered during comparison. Furthermore, regulations of the LYR may not be limited to these already existing regulations [47] . The existing regulations and potential regulations in the future may also affect the empirical relationship between inflow and deposition in the LYR, and the external uncertainties may transform to inner uncertainties as varied empirically fitted equations.
Results
Annual RD
The estimated annual RD in these three reaches are illustrated in Fig. 2 . The connectivity between SWR in Zone 4 and RDP in the LYR is 0.49 t.
The connectivity between SWR in Zone 3 and RDP in the LYR is 0.39 t, while the RDP in the local river reach (LT reach) is 0.19 t. Thus, SWR measurements in Zone 3 may benefit the local channel (LT reach) and the LYR, while the LYR has more propriety.
The connectivity between SWR in Zone 1 and RD in IMR is 114 × 10 4 t, while the connectivity between SWR in Zone 2 and RD in IMR is 25 × 10 4 t. Thus, for RD in the local river reach (IMR), the effect of SWR in Zone 1 is approximately five times that in Zone 2. On behalf of RD in MYR and LYR, SWR in Zone 1 leads to RD of -2.6 × 10 4 t, while the value for SWR in Zone 2 is 53 × 10 4 t. On behalf of RD of the whole stem channel of YR (IMR, MYR, and LYR), the contribution by SWR in Zone 1 is 111 × 10 4 t, while the contribution by SWR in Zone 2 is 78 × 10 4 t. Thus, for RD in the local (IMR) and followed river reach (MYR and LYR), the effect of SWR in Zone 1 is approximately 1.5 times that in Zone 2. Thus, to the total RD along the river reach (including IMR, MYR, and LYR), SWR in Zone 1 has more advantage if the amounts of IWR and ISSL are the same.
RD during Non-Flood Season
As the temporal variation of water runoff and sediment load in the YR basin, contributions in non-flood season are further analyzed. The differences between data estimated in an annual way and flood season may be viewed as contributions in non-flood season. For the MYR, no fitted equation for the annual estimation is listed in Table 2 , which can be treated as no contribution during the non-flood season. 
Discussion
Firstly, estimated RD are compared with previous research. Then, the effects of several influencing factors (sedimentation ratio, water division, and ignoring the drainage area between Tongguan-Sanmenxia) which may affect the quantitative description are discussed.
Annual RD Compared with Previous Research
Several former results are collected and summarized in Table 4 to verify the estimated RD [16, [48] [49] [50] [51] . In total, the connectivity between WAR in Zone 3 and RD in the LYR ranges between 0.25-0.9 t. The differences by different reference may be caused by different WSR zones and different sized particles being retained [49] .
A comparison indicates that the externally linked models can be used to estimate the coupling connectivity between coarse sediment source areas and deposition area.
More importantly, except for the value of RD along the stem channel, the deposition pattern is another factor needing consideration, especially the LYR [52] . For floods with high concentration, one important factor that influences the deposition pattern is sediment size. Measured data shows that more than 30% of sediments carried by floods from tributaries of IMR are coarser than 0.025 mm, while more than 83% of particles in the stem channel of IMR are finer than 0.025 mm. Zhang et al. [53] analyzed the connectivity between sources of flood events (indicating different diameters of transported sediment) and deposition in the main channel and floodplain (also aspect ratio). For SWR in Zones 1 and 2, the RDP in the LYR are 0.18 t and 0.23 t, respectively. The main reason may be particle sizes, as particles from the tributary in IMR are coarser than from the stem channel, and ISSL in Zone 1 may tend to be deposited in the local channel (IMR). This is why SWR in tributaries (both IMR and MYR, Zones 1 and 3) are more effective compared to those in the stem channel (Zones 2 and 4). Larger RD in LYR corresponding to SWR in Zone 4 deserves its smallest distance from LYR. This means that the spatial scales over which changes in coupling relationships occur also differ [3] .
Deposition in Non-Flood Season
According to proposed equations for estimating deposition in flood-season and the whole hydraulic year [54] , the contribution by SWR in non-flood season can be detected. (8) (9) …where ΔW S(3) ' and ΔW S (3) are depositions in flood season and annual deposition in the Sanmenxia-Lijin reach ' and W S(T-L) are the SSL from drainage area between TL (10 4 t) , respectively. The two coefficients of the first items on the right-hand side of Eqs. (8) and (9) are almost the same, which indicates the validity of ignoring deposition during non-flood season in MYR ( Table 2 ). The connectivity between SWR in Zone 3 and RD in LYR are 0.45 × 10 6 t (hydraulic years) and 0.27 × 10 6 t (non-flood season), respectively (as shown in Figs 2 and 3) . The two coefficients of the second term on the right-hand-side of Eqs. (8) and (9) indicate the connectivity between water runoff from upper YR (upper Toudaoguai, namely IMR) in non-flood season and deposition in LYR. The connectivity between SWR in Zone 2 and RD in LYR are 0.35 × 10 6 t (hydraulic years) and -0.06 × 10 6 t (non-flood season), respectively (as shown in Figs 2 and 3) . Thus, coefficients in Eqs. (8) and (9) 
RD Affected by Sedimentation Ratio (SR)
According to Table 2 , the SR of tributaries in IMR [ and ] is 0.968. The large value of SR indicates that all sediment from Zone 1 may deposit locally. This is the main reason for large RD values in IMR with SWR in Zone 1 (Figs 2 and 3) .
Wu [39] proposed different SRs of the stem channel and tributaries in IMR (Table 5 ). It shows that the SRs of tributaries are larger than those of the stem channel. Moreover, the SRs of the stem channel and tributaries increase after 1986. The SR for the stem channel by Table 2 (with a value of 0.402) are close to the value after 1986 in Table 5 (with a value of 0.369), while the SR for tributaries in the IMR by Table 2 (with a value of 0.968) is much larger than that of in Table 5 (with a value of 0.502).
Thus, values of SR fitted by data during 1987-2010 in Table 5 are also adopted to evaluate the RD along the YR to make a comparison (namely values by Wu [39] and Hou et al. [40] ). Fig. 4 shows that the value of SR of tributaries in the IMR may affect the spatial distribution of RD. In total, WSR in Zone 1 may benefit the local channel with a priority ratio, even though the benefit may be dramatically influenced by SR. Benefits of WSR in Zone 2 on the local channel (IMR) and the lower channel (MYR and LYR) are almost the same, as SR may affect the benefit of WSR in Zone 2 with limited magnitude. 
Water Division Along the Stem Channel
As the second largest river in China, the YR may offer water resources for millions of residents, which leads to water-sediment divisions along the YR [55] . The amount of water diverted along the Xiaolangdi-Lijin River reach accounts for 20-30% of total incoming water [56] .
Sediment delivery ratio (SDR) of the LYR may be influence by water division, sediment division, incoming sediment coefficient [ISC, S (3) /Q (3) ], river self-regulation 
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raised Tongguan elevation may contribute to deposition in the LT reach by a changed benchmark. In addition, sediment eroded from the Beiluo and Jing rivers join the YR at Tongguan station, and these two parts of the drainage area are parts of the SSA. Sediment eroded from the drainage area between TongguanSanmenxia counts for approximately 33.9% of the total sediment in the LYR. Sediment contributed by these two tributaries may change the sediment regime of Tongguan station and deposition in the LT reach followed.
The operational scheme of Sanmenxia Reservoir, which may affect the flow conditions entering the LYR, depends on flow from the upper and middle river reach [58] . Thus, the operation of Sanmenxia Reservoir makes the connection of these two areas (MYR and LYR) much more complex.
Implications
Sediment is a natural and essential component of a river system, and information on sediment can provide an important support for water resource development and management [59] . The effect of sediment management is processes, and human activities [33, 56] . Moreover, SDR in the LYR may also depend on water runoff from IMR [W (T) ] and SSL from MYR [W S(T-L) ] [54] . The exponent coefficients of W (T) and W S(T-L) are 0.388 and 0.581, respectively, while the exponent of S (3) /Q (3) is approximately 0.5 [33, 42, 57] . This indicates that the influence of decreased IWR in Zone 2 is close to that of decreased ISSL in Zone 3 and ISC in Zone 4. The SR may increase with increased water diversion rate [56] . In total, increased water diversion rate may reduce the influence of WSR in the upper and middle drainage area on deposition reduction in the lower part (Table 6 ).
Drainage Area between Tongguan-Sanmenxia
The inflow conditions (both of the runoff and SSL) of the LT reach used are data measured at Longmen and Hejin stations ( Table 2 ). Fig. 1b shows that runoff from the Wei and Beiluo rivers may also contribute to the flow regime at Tongguan station. Both the annual runoff and runoff in flood season at Tongguan station may contribute to Tongguan elevation (listed in ) of outflow respectively. η is water diversion rate, and it can be calculated as η = runoff at (Xiaolangdi+Heishiguan+Xiaodong-Lijin)/runoff at (Xiaolangdi+Heishiguan+Xiaodong). The loosely coupled evaluation herein may provide information of sediment along the whole river network, and the connectivity between sediment interception in source areas and deposition in the sedimentation area is an insight into the tightly connected network system. It is hopefully to help in projecting changes in hydrology due to changes in land use and providing implications to river management even though there are several other assumptions (i.e., the simplified ratio for flood season) [60] . The analysis may lead to a better understanding of the hydrological, geomorphologic, and ecological function of a whole river system.
In total, less deposition in the LYR leads to less water runoff for transporting sediment into sea [61] . The reduced flushing water runoff can be used in industry, agriculture, and residuals, which leads to huge economic benefits. SWR in the upper drainage area not only helps reduce sediment load entering LYR, but also helps save flushing water runoff needed in each river reach. More importantly, the effects of water-sediment regulation scheme that already existed in LYR (Xiaolangdi and Sanmenxia reservoirs) decreases, and the function shows a decreased trend [62, 63] . Thus, the new water-sediment regulation scheme in the LYR may be necessary in order to meet the new SWR in hillslopes. Besides, the reservoir operation scheme on the IMR in non-flood season is also important for the lower channel.
Conclusions
The coupling mechanisms between sediment sources and the channel network in the YR is analyzed by looselylinked models. Analysis shows that: 1) Sediment management in different tributaries and stem channels may lead to different spatial distribution of deposition reduction along the river reach. 2) At zonal scale, the connectivity between changes in different zones and deposition reduction in different river reaches differ. SWR in Zone 1 may benefit the local channel (IMR) with a priority ratio; SWR in Zone 2 may benefit both the local channel (IMR) and the lower channel (LYR) with almost the same magnitude; and SWR in Zone 3 may benefit the local channel (LT reach) and the lower channel (LYR), while the LYR has more propriety. 3) At zonal scale, the temporal scales over which changes in hillslopes occur also differ, as SWR in tributaries (both of tributaries entering the IMY and MYR) during non-flood season may also contribute to deposition reduction in the MYR and LYR. In total, the effects of sediment-water retaining measurements in the upland should be evaluated in the whole river system. ); E is the annual stream energy per unit length (10 9 J/m). Table 7 . Influence of the conjunction area.
